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1. INTRODUCTION
The conjugation length (coherence size) in materials and mol-
ecules has attracted much attention for a long time.
1 From the
material point of view, the exciton radius in bulk system, which
corresponds to the coherence size, is shortened by reducing the
system size. This is called quantum conﬁnement. In molecular
systems, the conjugation length is in parallel with the system size
for a small molecule but is saturated to one value with increasing the
system size.
2 The saturation of the conjugation length aﬀects the
various physical properties. For example, a red shift in absorption
peak is typically observed with increasing the system size.
3
Unlike the usual red shift, we previously found a system that
showed a blue shift with increasing system size.
4 The system is a
derivative of diarylethene (DAE).
4,5 One of the reported exam-
ples of the blue shift in absorption spectra with increasing the
system size was found in H-aggregate systems.
6 In that case, a
large transition dipole appears at the highest energy of the split
excited states and transition dipoles of other low-lying excited
statesdisappearduetothecancellationofthetransitiondipoleof
each unit. This is due to the special molecular arrangement; i.e.,
thetransitiondipoleofeachunitisperpendiculartothedirection
oftheincreaseofthesystem.Inthederivativeofdiarylethene,the
system size increases along the direction of transition dipole.
Thus, the blue shift observed in our system is not interpreted by
the mechanism found in H-aggregate.
DAEshowsphotochromismasshowninScheme1.Itisoneof
the promising candidates for a molecular switch due to its
thermal stability of two isomers, i.e., open-ring isomer 1a and
closed-ring isomer 1b (Scheme 1) and their fatigue-resistance.
7
To use it as a molecular switch, however, it is crucial to under-
stand the conjugation length of the derivatives.
The series of molecules which showed the blue shift in the
absorption spectra are two nitronyl nitoroxides (NN) attached
closed-ring isomer of DAE through bridge phenyl unit (2b, 3b,
and 4b in Charts 1). We denote these series as DAE-(phe)
k-NN
where k is the number of phenyl unit. Interestingly, the red shift
was observed for the series of molecules 2b, 5b, and 6b
(Charts 1) where the thiophene unit instead of the phenyl unit
was used as the bridge between DAE and NN.
8 (This series is
denoted as DAE-(thio)
k-NN.) These DAE-(phe)
k-NN and
DAE-(thio)
k-NN have very small singlet triplet energy gap.
4,5,8
In contrast, as is easily expected for the system without NN, the
red shift was observed for the series of molecules 1b, 7b, and 8b
(Charts 2),
4 which is denoted as DAE-(phe)
k.
To understand the mechanism of the blue shift in the
absorption spectra of two nitronyl nitroxides attached diaryl-
ethenes with increasing the system size, we synthesized the
molecules 9b and 10b (DAE-(thio)
k shown in Charts 2) and
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compared the eﬀect of phenyl units to that of thiophene units on
the absorption spectrum. We further performed calculations by
density functional theory
9 (DFT) and time dependent DFT
10
(TDDFT) with the broken symmetry method
11 for singlet
biradical ground and excited states. The obtained excitation
energies reproduce the blue shift of the absorption spectrum of
DAE-(phe)
k-NNandtheredshiftsoftheabsorptionspectrumof
DAE-(phe)
k, DAE-(thio)
k, and DAE-(thio)
k-NN.
To understand those shifts in the absorption spectrum, we
analyzed the orbital energies as well as the dependence on the
dihedral angle between the DAE and the phenyl (thiophene) unit.
We found that the experimental absorption around 2.1 2.4 eV is
primarily due to the transition between the highest occupied
molecular orbital (HOMO) and the lowest unoccupied molecular
orbital (LUMO). The energy gaps between HOMO and LUMO
correlatewith theexcitationenergies.Byanalyzingtheseenergygaps
and orbitals,weattributetheblueshiftin absorptionspectrumto the
suppression of a large π-conjugation between DAE and NN by
inserting the phenyl unit.
2. EXPERIMENTS
Molecules 9a and 10a (Scheme 2) were prepared from 1a,
2-bis(6-iodo-2-methyl-1-benzothiophene-3-yl)hexaﬂuorocyclo-
pentene
4 using Suzuki coupling with 2-thiopheneboronic acid or
2-(2,20-bithiophen-5-yl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane.
1H NMR spectra were recorded on a JEOL JMN-A500 instru-
ment and mass spectra were obtained by a ThermoFisher
Scientiﬁc EXACTIVE APCI mass spectrometer. Puriﬁcation
wascarriedoutusingaHPLC(HITACHILCSystemLaChrom)
with a semipreparative column (Wako Wakosil 5SIL φ10   l250
mm). A JASCO V-670 spectrometer was used to obtain UV vis
spectra. Photoirradiation was carried out using a USHIO 500 W
super high-pressure mercury lamp by passing the light through a
combination of band-pass ﬁlter (ATG UV-D33S) and mono-
chromator (Ritsu MC-20 L).
1,2-Bis(6-(2-thienyl)-2-methyl-1-benzothiophene-3-yl)-
hexafluorocyclopentene (9a). Colorless oil.
1HN M R
(TMS, 500 MHz, CDCl3): δ 1.54 (s, 3.9H, antiparallel), 2.21
(s, 2.1H, parallel), 7.0 7.7 (m, 10H), 7.82 (s, 0.7H, parallel),
7.91 (s, 1.3H, antiparallel). UV vis (EtOAc) λmax 311 nm.
APCI HRMS (m/z)[ Mþ H]
þ calcd for C31H19F6S4:
633.0268. Found: 633.0271.
1,2-Bis(6-(5-(2-thienyl)-2-thienyl)-2-methyl-1-benzothio-
phene-3-yl)hexafluorocyclopentene (10a). Pale-yellow oil.
1H NMR (TMS, 500 MHz, CDCl3): δ 1.56 (s, 3.7H, anti-
parallel), 2.25 (s, 2.3H, parallel), 7.0 7.7 (m, 14H), 7.84
(s, 0.8H, parallel), 7.93 (s, 1.2H, antiparallel). UV vis
(EtOAc): λmax 355 nm. APCI HRMS (m/z)[ Mþ H]
þ calcd
for C39H23F6S6: 797.0023. Found: 797.0001.
3. COMPUTATIONAL METHODS
The ground state structures were optimized by restricted
DFT (for 1b and 7b 10b) and unrestricted DFT (UDFT)
(for 2b 6b) with the B3LYP
12 exchange correlation
functional. The excited states were calculated by the TDDFT
(for 1b and 7b 10b) and unrestricted TDDFT (TDUDFT)
(for 2b 6b) with the B3LYP exchange correlation functional.
Throughout these calculations, the 6-31G(d) basis set was
Scheme 1
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used and C2 symmetry was imposed. As we have previously
examined, the imposed symmetry does not aﬀect the results.
13
The NN is a stable radical. It was observed from EPR that
DAE-NN (2b 6b) has a very small singlet triplet energy
gap.
4,5,8 The open-shell singlet biradical state was obtained at
the broken-symemtry
11 (BS-)UDFT level. The energy correc-
tions by spin-projection for those results are unnecessary due to
the small exchange interaction between two radical spins even
for 2b (J =  0.5   10
 3 eV), which was obtained by EPR.
5a
To further conﬁrm our conclusion, we performed additional
calculations by two long-range corrected functionals, i.e., CAM-
B3LYP
14 and LC-BLYP.
15 For the analysis of molecular orbital
energies, we adopted Kohn Sham orbital energies as approx-
imate molecular orbital energies. All the calculations were
performed by Gaussian 09.
16
4. RESULTS AND DISCUSSION
To compare the eﬀect of phenyl units to that of thiophene
units on the shift of absorption spectrum, the absorption spectra
of 9and 10were obtained (Figure1).The new absorption peaks
foundinthephotostationarystateuponirradiationwithUVlight
are due to the absorption of product of photoreaction, i.e., the
closed-ring isomer 9b and 10b for Figure 1a,b, respectively. The
absorption peaks are at 559 nm (2.22 eV) and 578 nm (2.15 eV)
for 9b and 10b, respectively. These results together with our
previous experimental results for 1b 8b
4,5,8 are summarized in
Figure 2. The absorption peaks of DAE-(phe)
k-NN showed the
blue shift. In contrast, the red shift was observed for
DAE-(thio)
k-NN. Both DAE-(phe)
k and DAE-(thio)
k showed
red shifts, but the shift was much larger in DAE-(thio)
k. In both
cases,theenergyoftheabsorptionpeakseemstoconvergetoone
value with increasing the number of bridge unit. The experi-
mental shifts were nicely reproduced by the computational
excitationenergies(Figure2),althoughalltheexcitationenergies
were underestimated. To conﬁrm that these results were not
aﬀected by the deﬁciency of B3LYP exchange correlation
functional, the long-range corrected functionals (CAM-B3LYP
and LC-BLYP) were used to optimize the geometry and to
obtain the excited states (Figures S1 and S2, Supporting In-
formation). Those functionals signiﬁcantly overestimated the
excitation energies, however, the blue shifts were reproduced.
Chart 2
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To understand the mechanism of the blue shift, we further
calculated the potential energy surface by imposing a constraint
on the dihedral angle between the DAE and phenyl unit of the
DAE-phe-NN (Figure 3) and between the DAE and thiophene
unit of the DAE-thio-NN (Figure 4). In addition, C2 symmetry
was imposed for the simplicity. Other degrees of freedom in the
structures were fully optimized. Due to the imposed C2 symme-
try,twodihedralanglesbetweenDAEandbridgerotatetogether.
Thus,weneedtonote that the energy barriers (at around (90)
between two local minima shown in Figures 3 and 4 are about
twice the actual energy barrier for the rotation of one dihedral
angle between DAE and phenyl (thiophene) unit.
The dihedral angle between the DAE and the bridge at the
ground state depends on the bridge. The dihedral angle between
DAE and the phenyl (thiophene) unit at the ground state is 35
(22). The diﬀerence between the two dihedral angles is due to
the steric hindrance between two hydrogen atoms. The same is
the reason for the diﬀerence of the dihedral angle between two
phenyl (thiophene) units. According to the reported crystal
structure, the angle between two phenyl rings of biphenyl is
around 10,
17 while two thiophene rings of 2,20-bithiophene are
coplanar.
18
The π-conjugation is thus less extended in DAE-(phe)
k-NN
than in DAE-(thio)
k-NN. The larger dihedral angle between
DAE and phenyl unit suppresses the π orbital mixing between
DAE and phenyl unit. Therefore, relatively larger red shifts in
DAE-(thio)
k-NN than in DAE-(phe)
k-NN may be expected.
Actually, in the case without NN unit for both, the similar
dihedral angle dependence is found in DAE-(phe)
k and
DAE-(thio)
k; larger red shift for DAE-(thio)
k than for
DAE-(phe)
k.Thesimilarresultswerereportedformanydiﬀerent
systems.
19 However, the blue shift is found in the absorption
spectra of DAE-(phe)
k-NN, which cannot be explained only by
the dihedral angles. It suggests that there is another factor to
explain the blue shift.
The number of bridge unit dependence of the Kohn Sham
orbital energies gives another insight. The Kohn Sham orbital
energies near HOMO and LUMO are shown in Figures 5 and 6.
The NN attached series is shown in Figure 5 and the series
withoutNNisshowninFigure6.EventhoughunrestrictedDFT
calculation was performedforthe NN-attached series, due tothe
small exchange interaction energy between two spins localized
oneachNN,Randβorbitalenergiesaredegenerated.Thus,only
R orbital energies are shown in Figure 5 and closed shell
Kohn Sham ones in Figure 6. The NN localized orbitals are
shown in dashed lines in Figure 5. The SOMOs are localized on
the NNand the orbital energies arefoundnear 5eV, whichare
quite similar to the orbital energies of the HOMO. The orbital
energiesoftheLUMOarefoundaround 2.8eV.Thoseorbitals
are shown in Figure 7. The R SOMO is localized on the left NN
as shown in Figure 7c whereas the β SOMO is symmetrically
localized on the right NN. The HOMO (Figure 7d) and the
LUMO (Figure 7b) are quite symmetric. Since the SOMO
orbitals are quite similar due to the localization on NN, only
the HOMO and LUMO are shown for the DAE-(phe)
k-NN
(Figure 8) and the DAE-(thio)
k-NN (Figure 9).
Figure1. (a)Absorptionspectra of9inethylacetate:open-ringisomer
9a (dotted line) and in the photostationary state upon irradiation with
313 nm light (solid line). (b) Absorption spectra of 10 in ethyl acetate:
open-ring isomer 10a (dotted line) and in the photostationary state
upon irradiation with 365 nm light (solid line).
Figure 2. Number of π-conjugated bridge units (k) dependence of the
excitation energies. The bridge units are (a) phenyl units and (b)
thiophene units. Solid lines with ﬁlled squares: experimental excitation
energies for DAE-(phe)
k-NN in (a) and DAE-(thio)
k-NN in (b). Long
dashed lines with ﬁlled circles: experimental excitation energies for
DAE-(phe)
k in (a) and DAE-(thio)
k in (b). Dotted lines with open
squares: computational excitation energies for DAE-(phe)
k-NN in (a)
and DAE-(thio)
k-NN in (b). Short dashed lines with open circles:
computational excitation energies for DAE-(phe)
k in (a) and
DAE-(thio)
k in (b).5689 dx.doi.org/10.1021/jp2002707 |J. Phys. Chem. B 2011, 115, 5685–5692
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The absorption around 2.1 2.4 eV is mainly due to the
HOMO LUMO transition. The HOMO LUMO energy gap
isusuallyreducedwithincreasingπ-conjugation.Thedecreaseof
the energy gaps, which correlates with the red shift of the
absorption spectrum inthe DAE-(phe)
kand inthe DAE-(thio)
k,
is found in Figure 6. The change of orbital energies with
increasing number of phenyl or thiophene units in Figure 6 is
rather simple; i.e., the HOMO energy increases and the LUMO
energy decreases. In contrast, the change of the HOMO and the
LUMO energies are rather complicated in Figure 5, but the
change of the energy gaps are correlated with the shifts of the
absorption spectrum as well.
The comparison between the HOMO (LUMO) energies of
DAE(k=0inFigure5)andDAE-NN(k=0inFigure6)reveals
thattheHOMO(LUMO)energyofDAE-NNislifted(lowered)
by the large orbital mixing between DAE and NN in comparison
with the HOMO (LUMO) energy of DAE. Inserting the phenyl
unit between DAE and NN rather suppresses the π-conjugation,
which results in the increase of the energy gap in the
DAE-(phe)
k-NN and consequently the blue shift of the absorp-
tion spectra. As for the DAE-(thio)
k-NN, π-conjugation is not
suppressed by the bridge thiophene unit. Therefore, the energy
gap in the DAE-(thio)
k-NN is reduced with the increasing
number of thiophene units and we found the red shift of the
absorption spectrum.
The explanation of the blue shift of absorption spectra by the
extent of the mixing of the Kohn Sham orbitals between DAE
and NN is further supported by Figures 7 9. The HOMO and
LUMO of DAE-NN extend over the DAE and NN in Figure 7.
Increasing the number of phenyl unit rather conﬁnes both
HOMO and LUMO near the DAE (Figure 8). In contrast, the
HOMO of DAE-(thio)
k-NN still extends over the DAE and NN
through thiophene unit (Figure 9).
The large orbital mixing between DAE and NN found for the
HOMO and the LUMO of DAE-NN is due to the following
reasons. (i) The mixing takes place between the HOMO
(LUMO) of DAE and the β-HOMO (R-LUMO) of NN. The
orbital energies of the β-HOMO and the R-LUMO of NN are
Figure 3. Dihedral angle dependence of the ground state potential
energy (open circles) for 3b (DAE-phe-NN).
Figure 4. Dihedral angle dependence of the ground state potential
energy (open circles) for 5b (DAE-thio-NN).
Figure 5. Kohn Sham orbital energies near HOMO and LUMO for
NN attached DAEs. The number of bridge units k are shown on the
horizontal axis. The value k = 0 at the center is for 2b (DAE-NN). The
left (right) hand side is for the number of phenyl (thiophene) units, i.e.,
from left to right: 4b, 3b, 2b, 5b, and 6b. Each pair of thick solid lines is
HOMO (lower line) and LUMO (upper line) and is responsible for the
lowest energy absorption peak. The orbital shown by the dashed line is
SOMO andislocalized onone oftwoNNs.Other orbitalsare shownby
thin solid lines.
Figure 6. Same as Figure 5 but for DAEs without NN. From left to
right: 8b, 7b, 1b, 9b, and 10b.5690 dx.doi.org/10.1021/jp2002707 |J. Phys. Chem. B 2011, 115, 5685–5692
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 6.20 and  0.16 eV, respectively. Those energies are closely
located to the orbital energies of the HOMO ( 5.47 eV) and
LUMO ( 2.72 eV) of DAE. In comparison, the orbital energies
of the HOMO and LUMO of thiophene (benzene) are  6.33
( 6.70) eVand  0.20 (0.10) eV, respectively.The smallenergy
diﬀerence between the HOMO of DAE and the β-HOMO of
NN induces a large orbital mixing between them. (ii) The
dihedral angle between DAE and NN is about 3, which is much
smaller than those between DAE and phenyl unit of DAE-phe
and between DAE and thiophene unit in DAE-thio. The small
dihedral angle betweenDAE and NNincreases the mixing of the
π-orbitals between them.
TheextentofthemixingoftheorbitalsbetweenDAEandNN
through the bridge is controlled by two factors. (i) As we have
seen in Figures 3 and 4, the dihedral angles between DAE and
the phenyl unit as well as between phenyl units are larger than
those between DAE and the thiophene unit and between
thiophene units, which contributes to suppressing the mixing
of the orbitals between DAE and NN. (ii) In addition, the
HOMO energy of benzene is further away from that of DAE in
comparison with that of thiophene. The larger orbital energy
diﬀerence between DAE and benzene than that between DAE
and thiophene contributes to suppressing the mixing of the
orbitals between DAE and NN.
In terms of the orbital energy, the red shifts of absorption
spectra in DAE-(thio)
k are largely due to the destabilization of
the HOMO. This is because the diﬀerence between the HOMO
energy of DAE and that of thiophene is much smaller than the
diﬀerence between the LUMO energy of DAE and that of
thiophene. The red shift in DAE-(phe)
k is similarly explained.
Since the HOMO energy of benzene is lower than that of
thiophene, the destabilization of the HOMO is smaller in
DAE-(phe)
k than in DAE-(thio)
k. The situation is more com-
plicated in DAE-(phe)
k-NN and DAE-(thio)
k-NN. The HOMO
energyinDAE-(phe)
k-NNdoesnotchangewithincreasingkbut
the LUMO is destabilized, which causes the blue shift in the
absorption spectrum. This is due to the fact that the HOMO is
destabilizedandtheLUMOisstabilizedbyattachingNNtoDAE
due to the large orbital mixing between DAE and NN. Since the
conjugationlengthisshortforthephenylgroupasthebridge,the
orbital mixing between DAE and NN is reduced by inserting the
bridge. Thus, the change of the orbital energy is determined by
the trade-oﬀ between the reduction of orbital mixing between
DAE and NN and the additional orbital mixing between phenyl
unit and DAE. In DAE-(thio)
k-NN’s case, the reduction of
orbital mixing between DAE and NN is small and orbital mixing
betweenthiopheneandDAEislarge.Consequently,theHOMO
of DAE-(thio)
k-NN is destabilized with increasing k.
On the basis of these understandings, the shift in absorption
spectrum in Figure 2 is interpreted as follows. The shift of
absorption spectrum in DAE-(phe)
k is small (0.11 eV) and
saturates aroundk=2.Thisindicatesthattheconjugationlength
is rather short in DAE-(phe)
k and saturates around k = 2. Due to
the large orbital mixing between DAE and NN, the absorption
peak of DAE shiftedtoward red (0.18 eV) byattaching NN. Due
to the short conjugation length of DAE-(phe)
k, the eﬀect of NN
is reduced in DAE-(phe)
k-NN with increasing k. Consequently,
around k = 2 where the conjugation length saturates, the
absorption peak position of DAE-(phe)
k-NN is similar to that
of DAE-(phe)
k. In contrast, the shift of the absorption spectrum
inDAE-(thio)
kfromk=0tok=2islargerthanthatfromDAEto
DAE-NN. Moreover, the red shift of the absorption spectrum in
Figure 7. Kohn Sham R spin orbitals for (a) LUMOþ1, (b) LUMO,
(c) SOMO, and (d) HOMO of 2b (DAE-NN).
Figure 8. Kohn Sham R spin orbitals for (a) LUMO and (b) HOMO
of 3b (DAE-phe-NN) and (c) LUMO and (d) HOMO of 4b (DAE-
(phe)
2-NN).5691 dx.doi.org/10.1021/jp2002707 |J. Phys. Chem. B 2011, 115, 5685–5692
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DAE-(thio)
k with increasing k does not reach the saturation at
k = 2. This is consistent with the long conjugated length of
oligothiophenes.
20 Naturally, we observed the red shift of the
absorption spectrum of DAE-(thio)
k-NN with increasing k.
One of the interesting issues about the biradical system is the
eﬀect of the quinoid structure. In our calculations, only near the
NNattached bonds(about twobondsfromtheNN) istheeﬀect
ofthequinoid-likebondlengthsshown.Thismightbeduetothe
limitationofthebrokensymmetry DFT.WealsousedCASSCF-
(2,2) but similar results are obtained. It may be required to use
larger CASSCF calculations to discuss the quinoid eﬀect. The
explanation of the blue shift in the absorption spectrum of
DAE-(phe)
k-NN with increasing k, however, does not require
the quinoid eﬀect as we have seen here.
5. CONCLUSION
The blue shift of the absorption spectrum in DAE-(phe)
k-
NN with increasing k is explained by the orbital mixing; the
large π-orbital mixing between DAE and NN is rather
suppressed by the bridge phenyl units. The DAE-(thio)
k-
NN showed the red shift of absorption spectrum because of
the extended π-conjugation in DAE-(thio)
k-NN. This is
partly due to the smaller dihedral angles between DAE and
thiopheneunitaswellasbetweenthiopheneunitsincompar-
ison with those in DAE-(phe)
k-NN. Additionally, the orbital
energy of HOMO of DAE is closer to the HOMO energy of
thiophene than that of benzene. These two eﬀects contribute
to the larger mixing of the π-orbitals through thiophene and
results in the extended π-conjugation in DAE-(thio)
k-NN
than in DAE-(phe)
k-NN.
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